• Cerebellar ataxias are progressive debilitating diseases with no known treatment and are associated with defective motor function and, in particular, abnormalities to Purkinje cells.
models of cerebellar ataxia.
• Our data in the du 2J mouse model shows an association between the ataxic phenotype exhibited by homozygous du 2J /du 2J mice and increased irregularity of Purkinje cell firing.
• We show that both heterozygous +/du 2J and homozygous du 2J /du 2J mice completely lack the strong presynaptic modulation of neuronal firing by cannabinoid CB 1 receptors which is exhibited by litter-matched control mice.
• These results show that the du 2J ataxia model is associated with deficits in CB 1 receptor signalling in the cerebellar cortex, putatively linked with compromised Ca 2+ channel activity due to reduced α2δ-2 subunit expression. Knowledge of such deficits may help design therapeutic agents to combat ataxias.
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Introduction
Cerebellar ataxias comprise a group of progressive diseases associated with motor incoordination and are typically associated with dysfunction and/or degeneration of PCs, which represent the sole efferent output of the cerebellar cortex. A number of mutant mouse models exhibit specific ataxias with diverse behavioural phenotypes at different developmental stages (Green, 1981; Grüsser-Cornehls & Baurle, 2001) , including the du 2J mutation that exhibits behavioural traits consistent with cerebellar ataxia and absence epilepsy. du 2J mice have mutations in the Cacna2d2 gene which encodes the α 2δ-2 auxiliary Ca 2+ channel subunit (Donato et al., 2006) ; one of four α 2δ subunit isoforms (α2δ-1-4) that exert auxiliary effects on Ca 2+ channel biophysical properties and physiological function (Gao et al., 2000; Hobom et al., 2000; Klugbauer et al., 2003; Bauer et al., 2010; Dolphin, 2012; Hoppa et al., 2012) . du 2J mice are part of a group of mutant mouse strains together with either spontaneous (Cacna2d2 entla and Cacna2d2 du alleles) or targeted (Cacna2d2
disruptions, all of which typically exhibit smaller than normal size, comparable ataxia phenotypes, absence seizures and paroxysmal dyskinesia (Barclay et al., 2001; Brodbeck et al., 2002; Inanov et al., 2004; Brill et al., 2004; Donato et al., 2006; Walter et al., 2006) . The Cacna2d2 entla allele predicts a full-length protein with an inserted region in the α 2 moiety of α 2δ-2 and is associated with reduced PC Ca 2+ currents (Brill et al., 2004) . The Cacna2d2 du allele disrupts Cacna2d2 in intron 3, yielding a truncated α 2δ-2 protein and resulting in reduced native and recombinant Ca V 2.1 Ca 2+ channel expression (Barclay et al., 2001; Brodbeck et al., 2002) . The Cacna2d2 du2J allele used here has a 2 bp deletion in exon 9 of Cacna2d2 resulting in complete ablation of α 2δ-2 expression and reduced PC Ca 2+ currents (Donato et al., 2006) . In du mutant mice, a reduction in Ca 2+ influx, leading to compromised Ca 2+ -dependent K + channel (SK) activity and irregular pacemaking, was proposed to underlie the ataxic phenotype (Walter et al., 2006) ; similarly, the du 2J mutation exhibits increased PC firing irregularity, although this could not be normalised using SK blockers (Donato et al., 2006) .
Here, we extend previous studies to examine the effect of du 2J mutation on basal neuronal network activity and synaptic transmission and, further, on G protein-coupled receptor (GPCR)-mediated presynaptic inhibition of synaptic transmission in the cerebellum.
In particular, CB 1 GPCRs are strongly expressed in the cerebellar cortex, where they modulate GABA transmission at IN-PC synapses to modulate PC total output (Ma et al., 2008; Wang et al., 2011) . We demonstrate that the du 2J phenotype exhibits deficient CB 1 R signalling at the neuronal network level that reflects, at least in part, ablation of CB 1 R modulation of inhibitory neurotransmission at IN-PC synapses, but which does not result from reduced CB 1 R expression. These results suggest that α 2δ-2 deficits in du 2J mutants affect GPCR-mediated modulation of inhibitory transmission in the cerebellar cortex, with consequential effects upon PC spike firing activity; such deficits may be associated with ataxic phenotypes and, potentially, contribute to disease.
Methods

Ethical approval
All work was subject to Local Ethical Research Panel approval and was conducted in accordance with the UK Animals (Scientific Procedures) Act, 1986; every effort was made to minimise pain and discomfort experienced by animals.
Electrophysiology
Preparation of acute cerebellar slices. Breeding pairs of +/du 2J mice (C57Bl/6 background)
were originally supplied by Prof. Annette Dolphin (University College London, UK) from which progeny were bred in-house at the University of Reading and whose genetic classification was determined by the Sequencing & Genotyping Facility, University College
London from ear-notch tissue samples. Acute cerebellar brain slices were prepared from 3-5 week old male mice as previously described (Ma et al., 2008) . Briefly, animals were sacrificed by a Schedule 1 method followed by immediate decapitation. The brain was then rapidly removed and submerged in cold, sucrose-based aCSF solution (sucrose 218 mM, KCl 3 mM, NaHCO 3 26 mM, NaH 2 PO 4 2.5 mM, MgSO 4 2 mM, CaCl 2 2 mM and D-glucose 10 mM) and 300 μ m thick parasagittal cerebellar slices were prepared using a Vibroslice 725M All analyses included all detected spike events that occurred during the 300 s recording period. Individual spike timings were defined by the time at which the peak minimum for each spike occurred. Spike cut outs were taken for the period 1 ms prior to and 2 ms following each spike's peak minimum (Figure 1Ai ). Spike timings were exported to Neuroexplorer4 (Nex Technologies, USA) for analysis of spike firing rates. Mean spike amplitudes were determined from spike cutout data analysed using in-house code for MATLAB 7.1 (MathWorks, Natick, MA, USA). Regularity of firing was estimated using the coefficient of variation (CV) of interspike interval (ISI), where CV = standard deviation/mean and increases in CV reflect increases in firing irregularity. MEAs have previously been shown to be well suited to recording single unit activity from acute, cerebellar slices (Egert et al., 2002) 
Radioligand binding assays
Membrane preparation
Cerebellar tissue was dissected from +/+, +/du 2J or du 2J mice (3-5 week old, male) and stored separately at -80°C until use, as previously described (Jones et al., 2010) . Tissue was suspended in a membrane buffer containing Tris-HCl 50 mM, MgCl 2 5 mM, EDTA 2 mM and 0.5 mg/ml fatty acid-free BSA and complete protease inhibitor (pH 7.4, Sigma, UK) and subsequently homogenised using an Ultra-Turrax blender (IKA, UK). Homogenates were centrifuged at 1200 g for 10 min and supernatants decanted. Resulting pellets were homogenised and centrifugation repeated. Pooled supernatants were then centrifuged at 39000 g for 30 min in a high-speed centrifuge (Sorvall, UK) and supernatants discarded.
Remaining pellets were resuspended in membrane buffer and protein content determined by Lowry assay (Lowry et al., 1951) . AM251 to determine non-specific binding. Assays were initiated by addition of 30 μ g membrane protein and were incubated for 1.5 h at 25°C for ligands to reach equilibrium and terminated by rapid filtration through Whatman GF/C filters using a Brandell cell harvester.
This was followed by 4 washes with 3 ml ice-cold PBS (0.14 M NaCl, 3 mM KCl, 1.5 mM KH 2 PO 4 , 5 mM Na 2 HPO 4 ; pH 7.4) to remove unbound radioactivity. Filters were soaked in 2 ml scintillation fluid overnight. Radioactivity was quantified by liquid scintillation spectrometry using a Wallac 1414 scintillation counter where radioactivity bound to cerebellar membrane was quantified in DPM before conversion to pmol/mg.
Analyses of saturation binding assay data were conducted by non-linear regression and fitted to a one-binding site model (Jones et al., 2010) (Donato et al., 2006) .
du 2J mutation affects spontaneous neuronal spike activity in the cerebellum
The cerebellum consists of the PCL, whose principal PC cells represent the sole output of the cerebellar cortex, the GCL and the molecular layer that, together, provide a well-defined architecture for acute brain slice investigations of spatio-temporal network activity using multi-electrode methods (Egert et al., 2002; Ma et al., 2008) . Within the PCL, du 2J mutation significantly increased spike firing irregularity in du We next examined CB 1 R ligand effects on GCL spontaneous spike firing in the du 2J genotypes. In +/+, WIN55 (5 μ M) and subsequent AM251 (2 μ M) application in the continued presence of WIN55 had no effect on GCL firing frequency ( Fig. 3Ai ,ii), spike amplitude ( Fig. 3Aiii ) or firing regularity (Fig. 3Aiv) . Similarly, WIN55 and AM251 did not Fig. 3Ci-iv) . These results most likely reflect the reported lack of CB 1 R expression in GC neurones (Tsou et al., 1997; Egertova & Elphick, 2000 Fig. 4Bii ).
We next confirmed the predicted CB 1 R modulation of sIPSC frequency at +/+ IN-PC synapses (Takahashi & Linden, 2001; Szabo et al., 2004) . Thus, WIN55 (5 µM) significantly decreased sIPSC frequency (P<0.05), an effect that was reversed and increased beyond control levels by subsequent AM251 (2 µM) application in +/+ (P<0.01; Fig. 5Ai ,ii). The latter result is consistent with the presence of endocannabinergic tone or constitutive CB 1 R activity in this system (Ma et al., 2008; Wang et al., 2011) . Consistent with the lack of CB 1 Rmediated effects on neuronal spiking activity described above, WIN55 and AM251 failed to significantly modulate sIPSC frequency in +/du 2J (Fig. 5Bi, Fig. 5Cii ). In addition, WIN55 significantly increased sIPSC amplitude in +/+ (P<0.05; Fig. 5Aiii ) and +/du 2J (P<0.05; Fig. 5Biii ), but not du 2J /du 2J (P=0.11; Fig. 5Cii ).
Subsequent AM251 application was without effect on WIN55-induced increases in sIPSC amplitude in +/+ (Fig. 5Aiii ) and +/du 2J (Fig. 5Biii) . The inability of AM251 to block WIN55-induced increases in sIPSC amplitude suggests a CB 1 R-independent action here. mutants remain unproven, our results provide evidence for a role of α2δ-2 in correct PC-GC signalling and suggest that the impact of α2δ-2 loss on the GCL should not be ignored. Importantly, PC-specific conditional Ca V 2.1 knock-out causes cerebellar ataxia (Todorov et al., 2012) . The association of α2δ-2/Ca V 2.1 subunits suggest that deficits in either subunit could equally cause motor deficits, as supported by similarities in ataxic phenotypes in α2δ-2 mutants, including du 2J and Ca V 2.1 knockouts. The most parsimonious explanation for our results is that altered α2δ-2 expression in axon terminals of basket and stellate interneurones in du 2J mutants leads to deficits in CB 1 R-mediated signalling. Although the expression of α2δ-2 in interneurone terminals in cerebellum has not been studied specifically, α2δ-2 is highly expressed in the molecular layer and in GABAergic interneurones throughout the CNS, as well as in PCs (Barclay et al., 2001; Cole et al., 2005) . Recent studies have shown that α 2δ
Effects of du 2J mutation on inhibitory synaptic transmission in the cerebellum
subunits affect release properties of the Ca 2+ channel complex at presynaptic terminals by improving spatial coupling between Ca 2+ influx and exocytosis (Hoppa et al., 2012; Dolphin, 2012) , in addition to protecting against block of exocytosis by intracellular Ca 2+ chelators (Hoppa et al., 2012) . Such findings are consistent with the hypothesis that proper α 2δ-2 expression is required for correct modulation of presynaptic release. Presynaptic CB 1 R activation limits transmitter release via generation of Gβγ subunits which inhibit Ca 2+ channels (Twitchell et al. 1997; Stephens, 2009) . Here, reduced α2δ-2 in du 2J mutants could alter G protein/Ca 2+ channel interaction to limit direct effects upon channel gating and so dysfunctionally affect modulation of GABA release onto PCs.
Functional impact of CB 1 R deficits in cerebellar ataxia
We propose that CB 1 R signalling deficits in du 2J mutants occur as a consequence of reduced 
